Aim This systematic review and meta-analysis aimed to clarify whether tobacco smoking is associated with an increased risk of diverticular disease.
Results We identified five prospective studies which comprised 6076 cases of incident diverticular disease (diverticulosis and diverticulitis) among 385 291 participants and three studies with 1118 cases of complications related to diverticular disease (abscess or perforation) among 292 965. The summary RR for incident diverticular disease was 1.36 (95% CI 1.15-
1.61, I
2 = 84%, n = 4) for current smokers, 1.17 (95% CI 1.05-1.31, I 2 = 49%, n = 4) for former smokers and 1.29 (95% CI 1.16-1.44, I 2 = 62%, n = 5) for ever smokers. The summary RR was 1.11 (95% CI 0.99-1.25, I 2 = 82%, n = 4) per 10 cigarettes per day.
Although there was some indication of nonlinearity there was a dose-dependent positive association with increasing number of cigarettes smoked per day. There was some evidence that smoking also increases the risk of complications of diverticular disease, but the number of studies was small.
Introduction
Diverticular disease is a common condition in highincome countries and has been called a 'disease of the Western civilization'. The prevalence of the disease varies by more than 20-to 40-fold between high-and low-risk populations and is more common in societies with a Westernized lifestyle [1] . The term 'diverticular disease' is used to refer to two distinct entities: diverticulosis, which describes the anatomical phenomenon by which diverticuli or pouches of the colonic mucosa and submucosa develop through weaknesses in the muscle layers of the colonic wall, and diverticulitis, which infers that diverticuli are inflamed. The exact prevalence of diverticular disease is difficult to assess because most cases are asymptomatic [2] . It has been estimated that in the USA 65% of adults will develop diverticular disease by the age of 80 years [3, 4] . Complications, such as diverticulitis and diverticular bleeding occur in 10-35% of people with diverticulosis [2, 3, 5] , while perforation occurs in 5-10% of cases of diverticulitis [6] , and is associated with a 4.5-fold increase in 1-year mortality [7] . The incidence or mortality of diverticular disease changes rapidly in countries with economic development over relatively short time periods [8, 9] . For example, in just 12 years between 1974 and 1986 there was a two-to four-fold increase in the incidence of diverticular disease in Japan [8] . One autopsy study reported a prevalence of 1% among Japanese in Japan, but a prevalence of 50% among Japanese in the USA [10] . Other studies have also found large ethnic differences in the incidence of diverticular disease among immigrants to Sweden, but these differences were attenuated with longer duration after settlement [11] . These observations suggest that modifiable risk factors are of major importance in the aetiology of diverticular disease. Established or suspected risk factors include low intake of dietary fibre, high intake of meat, obesity and lack of physical activity [12] .
Although tobacco smoking has been associated with an increased risk of other diseases of the colon, including adenomas [13] , colon cancer [14] and Crohn's disease [15] , the association between smoking and diverticular disease is not clear. Tobacco smoking has been associated with increased risk of diverticular disease in some studies [16] [17] [18] [19] ; however, not all studies reported a significant association [20] [21] [22] . Although some studies suggested a positive dose-response relationship between number of cigarettes smoked per day and the risk of diverticular disease [18, 19] , not all studies were consistent with this [17, 20] . Because only a few risk factors for diverticular disease are established, we conducted a systematic review and meta-analysis of prospective studies on the association between smoking and diverticular disease with the aims of clarifying whether there is an association, assessing the strength of any potential association and evaluating whether there is a doseresponse relationship between smoking and diverticular disease.
Method Search strategy and inclusion criteria
The PubMed and Embase databases were searched from inception (1966 and 1947, respectively) up to 19 February 2016 for eligible studies. As part of a larger project on risk factors for diverticular disease we used a wide range of terms for the search (described in the Appendix 1). In addition, we searched the reference lists of the identified publications for further studies. We followed the PRISMA criteria for reporting of meta-analyses [23] . Two reviewers (DA, AS) screened the references for inclusion.
Study selection
We included prospective studies that investigated the association between smoking and the risk of diverticular disease or complications of diverticular disease (abscess and/or perforation) and which included adjusted estimates of the relative risk (RR) with the 95% CIs. For the dose-response analysis a quantitative measure of the smoking level had to be provided. We identified six relevant prospective studies [16] [17] [18] [19] [20] 24] . A list of the excluded studies and the reasons for exclusion are provided in Table S1 .
Data extraction
The following data were recorded: first author's last name, publication year, country where the study was conducted, study period, sample size, gender, number of cases, ICD codes or outcome definition, smoking status, number of cigarettes per day, RRs and 95% CIs. For each study the 'confounders' that were used are tabulated in Table 1 . Data were extracted by one reviewer (DA) and checked for accuracy by a second reviewer (AS). Any disagreements were resolved by discussion.
Statistical methods
We calculated summary RRs by smoking status [i.e. current, former and ever (current and former smokers combined) smokers versus never smokers] and for an increment of 10 cigarettes per day using the random effects model of DerSimonian and Laird [25] which takes into account both within-and between-study heterogeneity. The average of the natural logarithm of the RRs was estimated and the RR estimate from each study was weighted using random effects weights.
To investigate whether the number of cigarettes smoked per day was associated with diverticular disease, we used the method described by Greenland and Longnecker [26] for the dose-response analysis and computed study-specific slopes (linear trends) and 95% CIs from the natural log of the RRs and CIs across categories of cigarettes smoked per day. The method requires that the distribution of cases and person-years or noncases and the RRs with the variance estimates for at least three quantitative exposure categories are known. For studies that did not provide this information, we estimated the distribution of cases and participants based on a method previously described [27] . Studies that did not quantify the number of cigarettes smoked per day were excluded from the dose-response analysis. We assessed a potential nonlinear dose-response relationship between smoking and diverticular disease using fractional polynomial models. We determined the best fitting second-order fractional polynomial regression model, defined as the one with the lowest deviance. A likelihood ratio test was used to assess the difference between the nonlinear and linear models to test for nonlinearity [28] .
Heterogeneity between studies was evaluated using Q and I 2 statistics [29] . All statistical tests were two-sided and P < 0.05 was considered statistically significant. I 2 -values of 25%, 50% and 75% indicated low, moderate and high heterogeneity, respectively [30] . We conducted main analyses (all studies combined) and stratified by study characteristics such as sample size, number of cases, geographical location, study quality score and adjustment for confounding factors. Study quality was assessed using the Newcastle-Ottawa scale which ranks the studies on a scale from 0 to 9 based on the selection of the study population, comparability between cases and noncases and the assessment of the outcome [31] (Fig. 1) . Publication bias was assessed using Egger's test [32] and the Begg-Mazumdar test [33] and with funnel plots, and P < 0.10 was considered to indicate possible publication bias as the tests have low power when the number of studies is low. The statistical analyses were conducted using the software package Stata, version 12.0 (StataCorp, Texas, USA).
Results
Of a total of 1898 records identified by the searches, we identified six prospective epidemiological studies [16] [17] [18] [19] [20] 24] in which details of diverticular disease and smoking history were available (Fig. 1, Table 1 ). Five studies [16] [17] [18] [19] [20] were included in the analysis of smoking and incident diverticular disease with a total of 385 291 participants of whom 6076 developed diverticular disease. In three studies [17, 19, 24] complications of diverticular disease (perforation or abscess) were identified in 1118 cases from a total of 292 965 participants reviewed. Five studies were from Europe and one was from the USA (Table 1) .
Smoking status and incidence of diverticular disease
The RR for current smoking was 1.36 (95% CI 1.15-1.61, I 2 = 84%, P heterogeneity = 0.0004) [17] [18] [19] [20] (Fig. 2a) , for former smoking it was 1.17 (95% CI 1.05-1.31, I 2 = 49%, P heterogeneity = 0.12) [17] [18] [19] [20] (Fig. 2b) and for 'ever' smoking the summary RR was 1.29 (95% CI 1.16-1.44, I 2 = 62%, P heterogeneity = 0.03) [16] [17] [18] [19] [20] (Fig. 2c ).
There was no evidence of publication bias with Egger's test or with the Begg-Mazumdar test among current smokers (P = 0.90 and P = 0.33), former smokers (P = 0.93 and P = 0.33) or ever smokers (P = 0.59 and P = 0.46), respectively (Figs. S1-S3).
Dose-response analyses
Four cohort studies [17] [18] [19] [20] were included in the doseresponse analysis of cigarettes per day and risk of diverticular disease. The summary RR was 1.11 (95% CI 0.99-1.25, I 2 = 82.4%, P heterogeneity = 0.001) per 10 cigarettes per day (Fig. 3a) . There was evidence of a nonlinear association (P nonlinearity < 0.0001), with a slightly steeper increase in risk at low than high smoking levels, but the association appeared to be linear from about five cigarettes smoked per day and upwards (Fig. 3b , Table S2 ).
Smoking status and complications of diverticular disease
Two studies of current smokers [17, 19] , two studies of former smokers [17, 19] and three studies of ever smokers [17, 19, 24] were included in the analysis of smoking status and complications of diverticular disease. The summary RR was 2.54 (95% CI 1.49-4.33, I 2 = 65.9%, P heterogeneity = 0.09) for current smokers, 1.26 (95% CI 0.81-1.95, I 2 = 0%, P heterogeneity = 0.41) for former smokers and 1.83 (95% CI 1.25-2.67, I 2 = 79.2%, P heterogeneity = 0.008) for ever smokers (Fig. 2d) .
Subgroup analyses
There was no evidence of heterogeneity between subgroups in analyses stratified by gender, geographical location, number of cases, study quality or adjustment for confounding factors ( Table 2) .
Discussion
As far as we are aware this is the first meta-analysis of observational studies of smoking and the risk of diverticular disease. Our results suggest 36%, 17% and 29% increase in the RRs of diverticular disease among current, former and ever smokers, respectively, and increased risk was also observed for complications of diverticular disease, although these analyses had a more limited number of studies included. In the linear doseresponse analysis there was a nonsignificant 11% increase in the RR per 10 cigarettes per day. We recognize that this study has limitations. The number of studies included was small and some studies could not be included in the dose-response analysis because they only reported on smoking status and not on the number of cigarettes smoked per day. Further studies should aim to clarify the dose-response relationship between the number of cigarettes per day, the duration of smoking history and the time since stopping smoking and the risk of diverticular disease. Many of the included studies adjusted for important confounding factors. There was no difference in the results whether or not adjustment for confounders was made. Publication bias is a possibility, but we did not find evidence of such bias with the statistical tests used or by inspection of the funnel plots, although the number of studies was modest. The strengths of the meta-analysis include the detailed dose-response, subgroup and sensitivity analyses, and the large sample size. The fact that our results suggest a dose-response relationship between smoking and diverticular disease and complications of diverticular disease might suggest an underlying biological effect. However, little is known about the biological mechanisms that could explain the adverse effect of smoking on the risk of diverticular disease. Smoking impairs immune function, alters gut transit time, reduces blood flow and is associated with increased risk of other diseases of the colon [13] [14] [15] [34] [35] [36] [37] . Smoking has a prokinetic effect on the bowel and increases intestinal motility and intraluminal pressure, which may predispose to the formation of diverticuli [38, 39] . Smoking has also been associated with abdominal fatness [40, 41] , which has been associated with increased risk of both diverticulitis and diverticular bleeding [42] , and there is some evidence to suggest that increased fat deposition in the mesentery leads to activation of macrophages and inflammation [43] . In addition, smoking may increase inflammation directly, as it is an established risk factor for Crohn's disease [15] , although it has also been suggested that nicotine inhibits proinflammatory cytokines in the colonic mucosa [44] , which could reduce mucosal immunity and could result in septic complications [38] . Some evidence suggest that smoking may alter the intestinal microbiota [45] [46] [47] , which may be of importance for the development of diverticular disease [48] . Our results suggest that smoking may aggravate the pathological process of diverticular disease. The association between smoking and complications of diverticular disease was stronger than that observed between smoking and incident diverticular disease. A similar conclusion has been reached by other studies [38, 39] . Smokers have higher plasma concentrations of serotonin, which may cause vasoconstriction in the endothelium [49] , and it is possible that a compromised blood supply to the colonic wall may contribute to an increased number of strictures and perforations [39] .
In conclusion, the results from this systematic review and meta-analysis confirm that smoking increases the risk of developing diverticular disease. Because an increased risk was also observed among former smokers, further studies are needed to clarify the effects of long-term smoking cessation on the risk of diverticular disease. The results of this study provide further support for efforts to reduce the prevalence of smoking.
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Search strategy in PubMed (a similar search strategy adapted for Embase was used for the Embase search) "Body mass index" OR BMI OR overweight OR obesity OR anthropometry OR fatness OR "body fatness" OR "abdominal fatness" OR "abdominal obesity" OR "waist circumference" OR "waist-to-hip ratio" OR "waist-toheight ratio" OR "hip circumference" OR adiposity OR weight OR "weight gain" OR "weight change" OR "weight loss" OR "body size" OR "physical activity" OR exercise OR sports OR walking OR biking OR running OR fitness OR "exercise test" OR inactivity OR sedentary OR fibre OR fibre OR diet OR meat OR "red meat" OR "processed meat" OR beef OR pork OR lamb OR smoking OR tobacco OR risk factor OR risk factors) AND ("diverticular disease" OR diverticulitis OR "diverticular bleeding" OR diverticula) AND ("case-control" OR retrospective OR cohort OR cohorts OR prospective OR longitudinal OR "follow-up" OR "cross-sectional" OR trial).
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